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Abstract

The Scale for the Assessment and Rating of Ataxia (SARA) is widely used for as-
sessing the severity and progression of genetic cerebellar ataxias. SARA is now
considered a primary end point in several ataxia treatment trials, but its underly-
ing composite item measurement model has not yet been tested. This work aimed
to evaluate the composite properties of SARA and its items using item response
theory (IRT) and to demonstrate its applicability across even ultra-rare genetic
ataxias. Leveraging SARA subscores data from 1932 visits from 990 patients of the
Autosomal Recessive Cerebellar Ataxias (ARCA) registry, we assessed the per-
formance of SARA using IRT methodology. The item characteristics were evalu-
ated over the ataxia severity range of the entire ataxia population as well as the
assessment validity across 115 genetic ARCA subpopulations. A unidimensional
IRT model was able to describe SARA item data, indicating that SARA captures
one single latent variable. All items had high discrimination values (1.5-2.9) in-
dicating the effectiveness of the SARA in differentiating between subjects with
different disease statuses. Each item contributed between 7% and 28% of the total
assessment informativeness. There was no evidence for differences between the
115 genetic ARCA subpopulations in SARA applicability. These results show the
good discrimination ability of SARA with all of its items adding informational
value. The IRT framework provides a thorough description of SARA on the item
level, and facilitates its utilization as a clinical outcome assessment in upcoming
longitudinal natural history or treatment trials, across a large number of ataxias,
including ultra-rare ones.
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The Scale for the Assessment and Rating of Ataxia (SARA) is the most widely
used Clinical Outcome Assessment (COA) for assessing the severity and progres-
sion of cerebellar ataxias. Regulatory agencies and recent studies have raised
concerns about its metric properties, especially at a single-item level. The item
measurement model underlying the SARA has not yet been thoroughly tested.
WHAT QUESTION DID THIS STUDY ADDRESS?

Is SARA, and its individual items, a good performing COA, and is it applicable
across rare and ultra-rare genetic ataxia subpopulations?
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

Item response modeling showed that SARA items have good performance in
assessing ataxia severity with high discrimination ability and informativeness.
There was no evidence of differences between genetic subpopulations in terms of
SARA applicability.

HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT,
AND/OR THERAPEUTICS?

The presented work provides evidence of SARA adequacy for use as a COA. The
presented item response theory framework will facilitate the longitudinal and
treatment effects analyses and guide trial designs in upcoming ataxia treatment

trials.

INTRODUCTION

Cerebellar ataxias are a heterogeneous group of rare and
ultra-rare neurodegenerative diseases resulting from pro-
gressive damage to the cerebellum and/or its associated
tracts."? With manifold targeted treatment trials upcoming
for an increasing number of genetic ataxias, an optimized
and thoroughly tested clinical outcome assessment (COA)
for ataxia has become a key for academia, industry, and reg-
ulatory agencies.’ The Scale for the Assessment and Rating
of Ataxia (SARA) is by far the most widely used COA for
assessing the severity and trial sizes in the pleiotropy of
cerebellar ataxias,* and is now also considered a primary
end point in several ataxia randomized controlled trials.®™*
This includes both autosomal-dominant and autosomal-
recessive ataxias'>'® comprising more than 200 genetically
stratified ataxia subpopulations, many of them so ultra-rare
that it impedes standard COA modeling methodology.>"*
While the validity and reliability of the SARA have
been shown to be excellent across different ataxia pop-
ulations,*'>'® regulatory agencies and recent studies
in both autosomal-dominant and autosomal-recessive
ataxias have raised concerns not only related to its func-
tional relevance but also to its metric properties, espe-
cially at a single item level.>*”'® Thus, modifications to
optimize the SARA are now being discussed, for exam-
ple, omitting two of the appendicular items of SARA,
which might improve its sensitivity to change and thus
trial sizes in trial settings.'"® However, the underlying
evidence and validation of such modifications have
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remained scarce.>'® In particular, the item measure-
ment model underlying the SARA has not yet been thor-
oughly tested. In fact, the recent guidance of the FDA
on fit-for-purpose COAs has highlighted that any COA
should be analyzed and validated for its underlying item
measurement model in order to be able to combine its
multiple items into a single score on a COA. This in-
cludes modeling COAs using latent variable modeling
approaches such as item response theory models."

Item response theory (IRT) is a class of latent variable
models used for the analysis of composite assessment
data on the item level.”>*! It quantifies the relationship
between the probability of a particular response to an as-
sessment's item and an unobserved latent variable (ie, dis-
ease severity). The IRT framework has been increasingly
applied in developing, evaluating, and refining health
outcome assessments, especially for neurological diseases
such as Parkinson's disease,>2* Alzheimer's disease,>>?°
multiple sclerosis,”” and amyotrophic lateral sclerosis.*®

Leveraging extensive real-world data from a large-
scale international ataxia registry, with prospective
SARA assessments across many ataxia genotypes, we
here (i) utilize the IRT methodology to evaluate the per-
formance and the quality of SARA as a COA of ataxia
and thoroughly assess its dimensionality, and (ii) extend
the IRT framework to demonstrate SARA applicability
across subpopulations even those ultra-rare ataxias for
which a primary IRT modeling would inherently not be
possible, but which are now also becoming of treatment
interest.>***
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METHODS
Data

Datasets were taken from the Autosomal Recessive
Cerebellar Ataxias (ARCA) registry, a large-scale pro-
spective longitudinal multicenter disease registry aiming
to facilitate trial readiness in the ARCA disease area by
capturing international real-world (rather than only, eg,
consortia- or trial-specific) data.’ The ARCA registry is
compliant with both General Data Protection Regulation
(GDPR) and the European medicines agency standards
for data quality. Informed consents were obtained be-
fore patients' inclusion.* Patients had been eligible for
inclusion into the ARCA registry if they had (i) a geneti-
cally confirmed ARCA; and/or (ii) an early-onset ataxia
(EOA) with onset before age 40years without evidence
of an autosomal-dominant family history, a polyglu-
tamine repeat expansion in spinocerebellar ataxia genes,
or acquired cause, thus representing a stratum of pa-
tients with ataxia known to be enriched—albeit not ex-
clusive—for ARCAs.'***% The dataset used in this study
comprises 990 patients with baseline visits. A total of 420
of the subjects had at least one follow-up visit, and up to
9 predominantly annual visits resulting in a total of 1932
visits. 69% of the patients have established genetic diag-
noses with a total of 115 genetic ARCA subpopulations,
while 31% have genetically undetermined diagnoses (for
further details on the patients and disease characteristics
of these diseases included and analyzed here, see”).
Ataxia disease severity in this dataset is assessed by
the SARA.* The SARA is a clinician-reported outcome
(ClinRO) consisting of eight task-based items: gait (score
0 to 8), stance (score 0 to 6), sitting (score 0 to 4), speech
disturbance (score 0 to 6), finger chase (score 0 to 4), nose-
finger test (score 0 to 4), fast alternating hand movements
(score 0 to 4), and heel-shin slide (score 0 to 4). It results
in a composite score ranging from zero in nonataxic state
up to 40 in the most severe ataxia. The last four items
are appendicular, that is, assessing (upper or lower) limb
function, rated separately for the right and left sides of the
body, and the means of right and left scores are calculated
(for further details on the SARA details and metrics in the
disease populations included and analyzed here, see'®).

Item response theory modeling
IRT model
In an IRT model, the response to an item is modeled

through item characteristic functions (ICFs), which de-
scribe the probability of a particular item response given
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by individual i with an underlying latent variable (y;). The
estimated ICFs can then be visualized using item char-
acteristic curves (ICCs). In this work, graded response
model with two item parameters was used to model each
item (j):

% (Vi=bjk)
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P(Yy=k)=P(Yy2k) -P(Yy2k+1)  (2)

where Y; is the observed item score for individual i and item
J» P(Y}; > k) is the probability of the ith individual report-
ing a score at or above k, and P(Y; = k) is the probability
of reporting score k. The model parameters a; and b, are
item-specific fixed-effect parameters; which describe the
discrimination of item j and the difficulty parameter for a
certain score (k) from item j, respectively. The discrimina-
tion parameter represents the slope of the ICC; P(Yij = k)
versus y; curve, at the inflection point, while the difficulty
parameter gives the disease severity level at which the prob-
ability of scoring k or higher is 50%. An item having a higher
discrimination parameter is able to differentiate better be-
tween subjects with underlying latent variables close to the
inflection point of the ICC. An item with smaller difficulty
parameters is shifted to the left on the latent variable scale
and hence is more difficult to complete correctly (individu-
als with less severe ataxia are probably failing to complete
the task). The latent variable y; is a subject-specific random
effect and is modeled assuming a normal distribution with a
mean of 0 (typical patient) and variance of 1 in the reference
population. Note that the latent variable is assumed to be
the same across all items for a certain SARA measurement.
The ICFs were estimated by treating each SARA assessment
as an independent individual to ensure broad coverage of
disease severity levels.

The IRT model implementation was performed using
the nonlinear mixed-effects modeling software NONMEM
version 7.5.>* Parameter estimation was conducted using a
Laplace approximation to the likelihood. The NONMEM
model code (Supplementary material 1: Appendix S1) and
model diagnostics were generated using the R package
piraid.®

Model assumptions checking

Upon applying IRT models, a set of assumptions are made
that require careful assessment and consideration.?*
One important assumption made in this work is unidi-
mensionality, meaning that the response probabilities de-
pend only on one common factor, that is, a single latent
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variable y;. Implicit in the unidimensionality assumption
is the assumption of no local dependence, which pos-
tulates that the response of each item is independent of
those of other items.

In this study, a unidimensional IRT model was built
to fit the ARCA data, and the adequacy of the unidimen-
sionality assumption was thoroughly assessed in multiple
ways. First, the Pearson correlation coefficients between
responses from each pair of items (from each visit) were
calculated, as well as the correlations between item re-
sponse residuals for item pairs. The residuals (RES;) are
calculated as shown in Equation 3.

- Yy —E<§A’ij)
! E(SD(?U))

where Yj; is the observed score for individual i and item j,
E(i}y) is the corresponding expected score based on the

(3)

ICFs and individual latent variable estimates, and
E (SD(XAQ]) ) is the expected standard deviation of the pre-
dicted scores.

Second, the adequacy of the unidimensional IRT
model was confirmed by comparing the observed and
model-predicted data in terms of data correlations and re-
sidual correlations for item pairs. Using the visual predic-
tive check (VPC) approach,®® 100 datasets were simulated
from the developed IRT model with item-level data, and
the quantiles of the simulated data were graphically com-
pared against the corresponding quantiles of observed
data. This comparison was performed for both item scores
and response residuals.

Fisher Item Information

To evaluate the amount of information provided by each
item of the SARA assessment with respect to the underly-
ing latent variable, the Fisher information for each item j
was calculated (and visualized) as a function of y; I (y;),
as shown in Equation 4.

d’logL
Ii(wi) = _E<W> “4)

where E is the expectation of the second derivative of log-
likelihood (logL); that is, the likelihood of specific parameter
values given the observed data. The total item information
in the population (population item information; I;) was cal-
culated as the integration of item information over the latent
variable distribution.
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ARCA genetic subpopulation analysis

Statistical analysis was conducted on the level of the
genetic ARCA subpopulations®'* to (i) evaluate the
applicability of the developed IRT model to all genetic sub-
populations present in the dataset and (ii) assess whether
the known population heterogeneity>'* manifests as dif-
ferent patterns at the item level of SARA.

In this analysis, the likelihood values (L), resulting
from the maximum-likelihood estimation for the IRT
model fitted to the whole ARCA dataset, were compared
between each of the genetic subpopulations and the entire
ARCA population. In practice, an objective function value
(OFV) is used as a way to measure the goodness of fit for
a model and is calculated as — 2log(L), and the OFV con-
tribution for each individual is reported; iOFV. The differ-
ence in the mean of iOFVs for each subpopulation and the
mean of iOFVs for the entire population; A mean(iOFV)
was calculated along with the 95% confidence interval CI
(Equations 5-7). The CI was calculated based on pooled
two-sampled ¢-test assuming equal variances between
the studied subpopulation and the entire population. A
correction factor was used to adjust the test statistic for
the overlap between the subpopulation and the entire
population.*” Bonferroni correction was made to the 0.05
confidence level to adjust for the multiple comparisons
performed on the same dataset.

A mean(i0FV) = mean (i0FVp,p, ) — mean (i0FVyy pop) (5)

(nsub - 1) *SDZ + (nall - 1) *SDiu

sub

2 _
SDp_

(6)

Rgup + Mapp — 2

CI = A mean(iOFV) + t* \/SDIZ) * (

where SDIZ) is the weighted average of the two sample vari-
ations, SD?ub and SDi11 are the variances for the subpopu-
lation and the entire population, respectively, ng, and ng,y
are the numbers of observations for the corresponding
groups, t* is the t-critical value based on the confidence
level, and (ng,, + ny; — 2) degrees of freedom. The term

e~
Ml ng / is the correction factor calculated
based on the size proportion of the subpopulation relative to
the entire ARCA population.

To avoid bias in the calculations due to the variation
in the number of study visits between subjects, only one
observation per subject was selected randomly, with equal
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probability from the set of available measurements of a
subject, and considered in the analysis. In order to illus-
trate how a group of individuals with different SARA item
performances would perform in this analysis, a hypothet-
ical subpopulation was created by permuting the individ-
ual responses for each item across the individuals in the
original dataset. This hypothetical population serves as a
“positive control group” in this analysis.

RESULTS
Item response theory modeling
IRT model

An initial assessment we performed on SARA showed
a distinctively high correlation between gait and stance
items (r=0.9) compared to the other item-pair correla-
tions (r=0.36-0.69), which indicated a local dependency
between gait and stance items. Local dependency means
that one item's response might affect the probability of a
response of another item and failure to account for this
characteristic may lead to inaccurate estimation of item
parameters and the individual disease severity. To han-
dle this local dependency during our unidimensional IRT
analysis, the two interdependent items were combined
into a single item (gait-stance) by taking the sum of their
subscores, resulting in a 15-category (0-14) item. As a
consequence, the single-item characteristics for both gait
and stance will not be differentiated from each other in
all downstream analyses. This adjustment was performed
on the data upon modeling only and not on the SARA it-
self. Similarly, the correlations between the right and left
responses for each of the appendicular items were particu-
larly high (0.85-0.92) so the subscores of both sides were
combined into a single value (mean).

The final IRT model consisted of seven ordered categor-
ical submodels with a total of 63 item-specific parameters
including item discrimination and difficulty parameters for
each item response category. All item parameters were suc-
cessfully estimated (ie, computed to give the best fit of the
model to the observed data) with good precision (Table S1).

Item characteristic curves

The ICCs for each item of the SARA are shown in Figure 1
as the probability of a certain item score as a function of
the latent variable (ataxia severity). The goodness of fit of
the ICCs was evaluated using a generalized additive model
smooth diagnostic,®® showing that the ICCs describe the
data adequately (Figure S1).
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The ICCs show an increase in the probability of ob-
taining higher subscores upon increasing the individual's
latent variable (y;). The location of the ICC on the y; scale
(x-axis) indicates the difficulty of the corresponding item
category. Only little overlap between the ICCs of each
SARA item is observed as illustrated by the range of y;
where a particular item response has higher probability
than the other response categories. For the appendicular
items, the curves corresponding to the half-point scores—
resulting from calculating the mean—show small peaks
reflecting low probabilities of reporting different subscores
for the right and left body sides. This implies that patients
tend to perform similarly regardless of the measured body
side which is in line with the observed data in the ARCA
registry dataset where 76%-83% of the study visits have
the same reported subscores for both body sides in the
four appendicular items.

Regarding the shape of the ICCs, items having nearly
flat ICCs over the full y; range are not differentiating well
between individuals with different ataxia severities. These
items are associated with small discrimination parame-
ters. On the contrary, the ICCs of SARA from our analysis
are rather (i) sigmoidal in case of the lowest and highest
response categories in each item or (ii) bell shaped for the
middle response categories. These ICCs indicate the abil-
ity of SARA, for all of its items and across its full range, to
detect a change in the item response upon changing the
individual latent variable at the non-flat regions of the
curves. The estimated discrimination parameters vary be-
tween 1.5 and 2.9 with a mean of 2.11 (Table S1) which
are considered high when, for example, compared with
the discrimination values of 0.02-0.3 resulting from fitting
the model using a dataset with permuted subscores.

To allow for direct mapping between the latent variable
scale and SARA total score, IRT-informed link functions
were calculated based on the ICFs of the developed IRT
model® and visualized in Figure S3.

Model assumptions checking

After handling the observed local dependencies as de-
scribed earlier, all item pairs have shown similarly high
data-correlation levels, implying that all SARA items
share a common latent variable (Figure 2). The correla-
tions between model residuals of item pairs are slightly
negative and did not show any distinct patterns across
items (Figure 3). This indicates that model misspecifica-
tions are absent and that the unidimensional IRT model
has accounted for the data correlations between SARA
items. Model simulations were able to approximately
mimic the real-data patterns, as illustrated by both the
average correlations of the 100 simulated datasets, and
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FIGURE 1 Item characteristic curves for the different items of the SARA scale, describing the probability of occurrence of each score

Y for a patient with a given ataxia severity level. Ataxia severity represents a Z-score relative to the typical individual in the reference

population, that is, the entire ARCA cohort.

the 95% confidence intervals of the 5th, 50th, and 95th
percentiles of the simulated data responses and residuals
(Figures 2 and 3), further indicating the lack of model
misspecifications. Further studies show that the uni-
dimensionality assumption is validated using explora-
tory and confirmatory factor analysis (Supplementary
Material 5: Appendix S1).

Fisher item information

The Fisher information of the different SARA items as a
function of ataxia severity is illustrated in Figure 4 along
with the total item information in the population (I;). In
general, an item with high Fisher information will be
able to determine a patient's disease severity precisely.
The figure shows that the item information curves dif-
fer in both the amplitude of the peak and its location on
the latent variable scale. The combined gait-stance item
has the highest amplitude of information and the highest
total population information (2.58), suggesting a higher
informativeness and hence, higher sensitivity to changes
in ataxia severity compared to other items (accompanied
also by a higher discrimination value; 2.90). However,
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other items, for example, finger chase, finger nose, and
sitting items, have a similar or higher (~1-1.5) informa-
tion amount compared to gait-stance (~1) at more extreme
ataxia severity levels (y; = 2), thus enabling the differ-
entiation between patients with higher ataxia severity.
Generally, all SARA items add informational value with
varying levels across the latent variable scale. Further
analysis shows that the total population information of
SARA decreases upon dropping different items from the
assessment (eg, decrease by 5.5% and 7.9% when dropping
gait and finger chase items, respectively) (Supplementary
Material 6: Appendix S1).

Analysis of genetic ARCA subpopulations

The forest plot in Figure 5 depicts the analysis results of
29 different genetic ARCA subpopulations (with three
or more subjects) and 2 pooled groups of subpopulations
(subpopulations with one subject (n=69) and subjects
with genetically undetermined diagnoses (n=304)), that
is, even including ultra-rare ARCA subpopulations where
a primary IRT analysis would not be possible, per se. The
plot shows the mean difference between the individual
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FIGURE 2 Data correlations between different item pairs (referred to as the first and second item) of the SARA scale for both original

ARCA dataset and 100 simulated datasets. Upper matrix: item-pairs correlations for the observed dataset (with value-based color scaling)

and item-pairs average correlations for the simulated datasets. Lower matrix: The black lines represent the median (solid lines) and the 5th

and 95th percentiles (dashed lines) of the observed item scores (blue circles). The shaded areas represent the 95% confidence intervals of the

corresponding percentiles for the simulated data (blue: upper and lower percentiles, pink: median percentile).

likelihood estimates of each genetic ARCA subpopulation
and the entire ARCA population along with the 95% con-
fidence interval. All confidence intervals of ARCA sub-
populations (including those with two subjects (n=17)
not shown in the figure) encompass zero, indicating the
absence of evidence for any IRT model misfits on the sub-
population level. On the contrary, the confidence interval
of the permuted group, the positive control group in this
case, shows a worse fit than the original population; as
one would anticipate since the relationship between the
patient response to the different items and the underlying
disease status has been altered upon randomly permuting
the individual item scores among individuals. This per-
muted group behavior illustrates how an ARCA subpopu-
lation with different SARA item patterns would perform
in this analysis.

These results are supported by further analysis using
one-way analysis of variance (ANOVA) with a null hy-
pothesis stating that there is no difference in the mean
individual likelihood estimates (i0OFVs) across genetic
subpopulations with N>3 and with a significance level of
0.05. One-way ANOVA revealed that there was no statis-
tically significant difference in the iOFVs means between
the different subpopulations (p-value =0.22).
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DISCUSSION

While the Scale for the Assessment and Rating of Ataxia
(SARA) is the most widely used COA for assessing the
severity and progression of cerebellar ataxias and is now
considered a primary end point in several ataxia treatment
trials, its underlying composite item measurement model
that has not yet been tested. This is, however, needed to
qualify it as a fit-for-purpose COA, as now also highlighted
by the FDA." Leveraging a large ataxia patient dataset, an
IRT analysis was successfully implemented for the first
time on SARA assessment to evaluate its metric properties
and performance. This type of latent variable modeling is
based on the reflective indicator model described in the
FDA's guidance." In this work, the adequacy of the SARA
was tested based on multiple aspects including (i) SARA
items' characteristics and Fisher information, (ii) the rea-
sonableness of the unidimensionality assumption by show-
ing that all items reflect a single latent variable which can
be described as the relevant concept of interest (ie, ataxia
severity), thus also allowing to combine responses from
multiple items into a single score (latent variable) in the
IRT model, and (iii) the SARA applicability across genetic
ARCA subpopulations, including even ultra-rare ones.

85U8017 SUOWIWIOD SAERID 3|(deoldde 8Ly Aq peusenob ase sejolie VO ‘85N JO Sa|n 10y Ariq1T8U1UO A8]IA LD (SUOTHPUOD-PUR-SLLIBY/WIO 4B | 1M ARe.d1jBu 1 [UO//SdNL) SUORIPUOD Pue SWLB | 8L 88S " [120z/0T/0] uo Ariqiauluo /(1M ‘Arigi Aiseaun eesddn Aq ZoTET #dsd/z00T 0T/10p/woo A3 1m Aeiqipujuo-idose//:sdiy Woly pepeojumoa ‘g ‘vZ0Z ‘90£8E9TZ


https://ascpt.onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fpsp4.13162&mode=

1334 | HAMDAN ET AL.
ASCPT
. obs: 0 obs: -0.14 obs: -0.32 obs: -0.31 obs: -0.3 obs: -0.06
04 Gait-Stance . . . . . .
sim: -0.19 sim: -0.14 sim: -0.18 sim: -0.18 sim: 0.2 sim: -=0.2
21582 - o
8' = Sittin obs: -0.09 obs: -0.26 obs: -0.21 obs: -0.23 obs: -0.12
| —————————
] ———— . sim: —-0.08 sim: —-0.11 sim: -0.11 sim: -0.12 sim: -0.12
2= =~ - = N =N ——
qEJ 2) 1 et obs: -0.05 obs: -0.14 obs: 0.08 obs: -0.26
aaly ( sesssemE S — P sim: -0.08 sim: —-0.08 sim: -0.1 sim: -0.09 Pearsor]
T 2 = = correlation
AN 2= e (SECAN - - - 1.0
5 | s maa|EEE : obs:014 | obs:-0.03 || obs:-016 I 05
» 0TT~——~—_ T~ —~——_ ~————— | Finger-chase ) ) : :
= e sim: 0.1 sim: -0.11 sim: -0.12
© SE—— v R e 0.0
S 21— - . - . . -
T 2% | ~ o = L e [ = -0.5
.g 8\{ \f'\;\—; N/\\/; = Nose—finger obs: ~0.06 obs: ~0.14 — 1.0
4 _/&/\ — i i -=1.
OC A N - - 9 sim: -0.12 sim: -0.12
24 S T N=o T TS =l==-" =
2~ —_— ~ —_ = -
o e |Sases ' m=m obs: —0.17
O'\’\ \/\_\ —— ——~——— ~—~—~—| Altern-hand . :
:é:--\’“~’\’-‘—"\’-\_'—\"-’—ﬂ“" sim: -0.13
1_—“"\—’--“,_\-—'\,\_—\,\,\—-—\_~_~_.\—_~
o~ | ——\——_| Heel-shin
_;-__\—_5,’~~\_ “,’\_——’.n | (e |
41 0 1 -1 0 1 -4 0 1 -1 0 10 1 -1 o0 i 0

Residuals of 1% item

FIGURE 3 Residual correlations between different item pairs (referred to as the 1st and 2nd item) of the SARA scale for both original
ARCA dataset and 100 simulated datasets. Upper matrix: item-pairs residual correlations for the observed dataset (with value-based color
scaling) and item-pairs average residual correlations for the simulated datasets. Lower matrix: The black lines represent the median (solid
lines) and the 5th and 95th percentiles (dashed lines) of the observed item scores. The shaded areas represent the 95% confidence intervals of
the corresponding percentiles for the simulated data (blue: upper and lower, pink: median).

Composite clinical outcome assessments are tradi-
tionally analyzed as single aggregated total scores with
disregard to the assessment complexity and its individual
components. Multiple drawbacks are associated with the
use of such analytical approach, as (i) it does not incorpo-
rate the differential informativeness of different items, (ii)
it ignores the differential contribution of subscores to the
total score, and (iii) it disregards the discrete and bounded
nature of the scale. On the contrary, the IRT methodol-
ogy acknowledges the interaction of the studied individ-
uals and the assessment components by relating items'
responses probabilistically to an underlying unobserved
variable (disease severity). The resulting item-level infor-
mation can be utilized in evaluating and refining assess-
ments*'—as now discussed for the SARA.> Furthermore,
IRT models can be used to describe the change in disease
severity over time in longitudinal assessment score data.
Recent publications have shown that longitudinal IRT
models result in higher power to detect treatment effects
compared to total score models.”**>*” This is of timely
need for the SARA where, while appreciating it as a key
end point, several studies have shown that its power to de-
tect treatment effects by standard analysis is too low for
most trials in real-world ataxia populations.'®*
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We developed a unidimensional IRT model leveraging
all available data from the individual items using a graded
response model with two parameters. The model was
able to characterize SARA items including the differen-
tial discriminative ability of different items, which would
not have been possible with a more parsimonious one-
parameter model. While an additional “guess” parameter
can account for the probability of getting the item correct
by guessing alone, a sensitivity analysis has indicated the
absence of such characteristics in SARA items (data not
shown).

The resulting ICCs showed that SARA is able to de-
tect changes in item responses upon changing ataxia se-
verity. This is further corroborated when comparing the
IRT characteristics of SARA to previously published IRT
models for other neurological diseases COAs, for exam-
ple, MDS-UPDRS, ADAS-Cog, and EDSS, where SARA
shows a good discrimination ability, with mean discrim-
ination values of about 2.7-, 1.2-, and 1.3-folds higher
than the aforementioned COAs, respectively.23’25’27 The
difficulty parameters for single categories were both (i)
ordered so the difference between adjacent categories
reflects a change in the latent variable, and (ii) suffi-
ciently spaced with little overlap which indicates that the
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areas indicate the ataxia severity interval for 95% of the studied population. The reported J; is the total population information for each item;

that is, the integration of item information over the full y range.

individual categories of SARA items were well designed
allowing clinicians to properly rate the patient's perfor-
mance in each task. The adequacy of SARA was also sup-
ported by the high Fisher information values of all items,
1.14 mean population item information compared to the
mean of 0.8 for EDSS assessment,?’ and hence their high
sensitivity to the disease severity changes. The varying
importance of items across the full latent variable range
emphasizes the contribution of all SARA items in cap-
turing the underlying disease status. Such positive con-
tribution of a SARA item based on IRT analysis is not
necessarily associated with similar behavior in a classical
total score analysis, as shown in previously published
studies, which demonstrated that some SARA items (in
particular, some appendicular items) perform poorly in
total score analysis.'”'® This discrepancy could be at-
tributed to the differential informativeness of the SARA
items that is recognized in IRT analysis.

The analysis of genetic ARCA subpopulations suggests
that the ARCA population heterogeneity>'* is not man-
ifesting as different item patterns in SARA assessment
of a magnitude that is discernable in the present ARCA
dataset. Unexpected behavior of items would result if the
ICFs have differed across subpopulations; for example,
if a good scoring in gait-stance item is associated with a
bad scoring in speech item at certain latent variable lev-
els. Such altered relationships were indeed observed in the
group with permuted item scores, which here served as
a “positive control group”. Yet no difference between any
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of the ARCA subpopulations and the entire ARCA popu-
lation was observed, as indicated by the 95% confidence
interval of the mean difference in iOFV in the forest plot.
This indicates the applicability of one IRT model across
all different genetic ARCA subpopulations, that is, even
including ultra-rare ARCA subpopulations where such a
primary IRT analysis would not be possible due to small
amount of data. This indicates that the SARA is measur-
ing the same construct across disease subpopulations.
Potential limitations of the present studies—accom-
panied by limitations related to properties of the SARA
in some cases—should be noted. First, the gait and
stance items could not be individually characterized in
the IRT model since we combined both into one item to
handle the high correlation between them. One could
argue that multiple latent variables could be included
in the model, however, this was not possible due to the
small number of items in the assessment. Alternatively,
reducing the SARA by removing either gait or stance (or
measuring the appendicular items on only one body side)
could also be suggested. Nonetheless, at least for time
reasons, such reduction is unnecessary since the SARA
assessment has an overall few items, and takes only, on
average, 15 min to be administered.* Furthermore, ad-
ditional findings from our study show that removing
one of the items, gait and stance, leads to at least slight
reduction in the total Fisher information in the popula-
tion (Table S4). Second, a normal distribution for the un-
derlying latent variable was assumed in our model. The
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where the item subscores of the original dataset were permuted among individuals. The results of subpopulations with n<2 are not

illustrated in the figure.

latent variable scale is a hypothetical construct with as-
sumed distribution that will be dependent on the choices
of item model. A normal distribution has been assumed
in all IRT models of other COAs that we have encoun-
tered.??*"*%4! Nevertheless, if the normality assumption
is inappropriate, it will result in model misspecification.
In the assessment of model fit, no such misspecification
was evident (Figures 2 and 3, Supplementary Material
7: Appendix S1). Another potential limitation is that
data were treated as cross-sectional upon estimating the
ICFs, as per the standard practices, which ignores the
potential correlation between repeated observations of
a certain subject. However, such phenomenon does not
necessarily affect the estimated ICFs. Still, longitudinal
analysis and validation of the IRT characteristics of the
SARA are warranted, which will be addressed in future
research. The small sample set in the ultra-rare ARCA
subpopulations hinders the ability to implement IRT
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models for single ARCA subpopulations due to the lack
of observed responses in multiple-item response cat-
egories (Figure S2). While such small sample sizes are
inherent in these ultra-rare ARCAs, future research is
needed to develop improved study designs for detecting
treatment effects in small populations and rare diseases.

Overall, our results demonstrate a good performance
of SARA assessment based on the item-level analysis
using IRT. The developed IRT framework will facilitate
the assessment of disease progression and treatment ef-
fects and guide trial designs and sample size calculations,
thus improving trial designs in upcoming ataxia treatment
trials in rare genetic ataxia populations.
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